Instrumented nanoindentation was employed to study the depth dependence of nanohardness in a CuAINi single crystal shape memory alloy that exhibits shape memory effect (SME). A Berkovich indenter and a cube corner indenter were used in this study, and the applied maximum indentation loads ranged from ΙΟΟΟΟμΝ to 200μΝ. Indentation of the austenite (A) phase of CuAINi underwent a stress-induced phase transition. The measured nanohardness of A and Μ phases depends on both the indentation depth and the indenter geometry.
Introduction
The shape memory effect (SME) and superelasticity (SE) occur in shape memory alloys (SMAs). The underlying mechanism of these properties is the stress-induced martensitic transformation.
Many experimental and numerical studies of this mechanism have been focused on: (1) the overall response of SMAs under different temperatures, stress states and orientations; (2) the morphology of martensite and the crystallography; and (3) the micromacro-related deformation behavior. SMAs have been exploited for many engineering In recent years, they are used in micro-electromechanical-systems (MEMS) and novel medical devices [1] , For MEMS, NiTi and NiTiCu SMAs thin films have been fabricated and used in micro-actuators and fluid flow valves. In the medical field, NiTi superelastic micro-tubes and wires are successfully used for artery stents and surgical tools. Consequently, the deformation and properties of SMAs in small scales have attracted great interest on the study of SMAs. Sun et al. [2] studied the size effect on the macroscopic martensite band nucleation stress of NiTi thin wires under tension. They found that the smaller the diameter of the wire the higher the nucleation stress. Gall et al. [3] used transmission electron microspcopy (TEM) to study the deformation machanisms for the indented NiTi SMAs. They found that indentation of solutionized NiTi SMAs could induce inelastic deformation via dislocation activity and a stress-induced martensitic transformation.
To study the mechanical properties of materials in a small scale or the size effect, one of the useful methods is the instrumented nanoindentation. In ample experiments the hardness of metal is observed to increase with "decreasing indentation load. However, a little attention had been paid to the study of the depth dependence of hardness in the SMAs that are capable of undergoing a stress-induced martensitic transformation during indentation. In our study, nanohardness variations with indentation load were investigated in a CuAINi single crystal shape memory alloy.
Material and equipment

Material
A CuAINi single crystal specimen was studied in the present test. The transition temperatures are M s = 279K, M f =276K, A s = 308K and A f = 318K. At the room temperature, the specimen exhibits SME. Austenite (A) and martensite (M) phases can coexist in the specimen by either loading-unloading or first heating above A f and then cooling to the temperature above M f . The specimen size was 8x3.5x2mm.
Equipment
Hysitron Tribolndenter was used to conduct the nanoindentation tests. From the loadingunloading curve, the nanohardness and the elastic modulus of materials were estimated using the method proposed by Oliver and Pharr [4] , Two kinds of indenter tips were used in this study. One was a diamond Berkovich tip with a face angle of 142.3° and the other was a diamond cube corner tip with a face angle of 90°. The applied maximum indentation loads ranged from ΙΟΟΟΟμΝ to 200μΝ. The indentation tests were performed in both A and Μ zones of CuAINi at room temperature. For each zone, indentation at each load was repeated three times.
Results and discussion
AFM images of A and Μ phases
The morphology of CuAINi alloy was observed by atomic force microscope (AFM) before indentation. Figure 1 is a 3D image of the specimen surface. An obvious sharp A-M interface can be seen in the figure. On the left side of the interface is the Μ phase inside in which small shallow bands (martensite twins) can be seen. On the right side is the A phase. The width of the martensite twin is about 7.7μηι. Figure 2 (a) shows the typical loadingunloading curves by the Berkovich tip indented on A and Μ phases respectively. It can be seen that for different applied maximum loads the loading curves of A phase coincide one another and the unlaoding curves are alomost parallel. The same phenomena can be observed for the Μ phase. Comparing the set of curves of A phase with that of Μ phase, it is found that the depth in the A phase is less than that in the Μ phase at the same indentation load. Furthermore, all the unloading curves of A and Μ phases are nearly parallel although the loading curves of A and Μ phases are different. The same phenomena can also be found in the CuAINi alloy indented by the cube corner tip (Fig. 2(b) ). The curves revealed that inelastic deformation occurred during indentation. There are two possible origins to the inelastic deformation. One is the stress-induced A->M transition for the A phase or the stress-induced martensite-reorientation in the Μ phase. The other is the dislocation activity in both A and Μ phases. Figure 3 (a) shows the depth dependence of nanohardness in both A and Μ phases using the Berkovich indenter. It is found that the nanohardness increases in both phases with decreasing indentation depth (or load). Moreover, the nanohardness obtained in the A phase is higher than that in the Μ phase at the same depth. It is known that the hardness is a measure of the material's yield strength. The obtained data implies that the stress to induce martensitereorientation in the Μ phase is lower than that to induce martensitic transformation in the A phase. Figure 3 (b) shows the depth dependence of nanohardness of A and Μ phases using the cube corner indenter. Compared with the results obtained by the Berkovich indenter, the cube corner indenter, with a sharper tip, penetrated much deeper in both A and Μ phases. Under the indentation load ΙΟΟΟΟμΝ, the penetration depth was up to approximately 800nm under the cube corner tip, while the depth was only 300nm for the Berkovich tip. Also, the nanohardness increased with decreasing depth in both A and Μ phases using the cube corner tip, and the nanohardness was slightly higher in the A phase than in the Μ phase. Comparing Fig. 3(a) with Fig. 3(b) , it is found that at the same depth the nanohardness obtained by the cube corner tip is higher than that by the Berkovich tip. This may be explained by the strain gradient effect: the strain gradient is higher around the cube corner tip than that around the Berkovich tip. .reduced elastic moduli in A and Μ zones are nearly equal. The same phenomenon can also be found in the CuAINi alloy indented by the cube corner tip (not shown here). From the parallel unloading curves of A and Μ phases in Figs. 2(a) and (b), it is inferred that indentation is not suitable for the measurement of the elastic modulus of A phase that undergoes a stressinduced transformation during indentation.
Nanohardness and reduced elastic moduli of A and Μ phases
Conclusions
1) The force-displacement curves exhibit that inelastic deformation occurred in both A and Μ phases. There are two possible contributions to the inelastic deformation. One is the stress-induced A->M transition for the A phase or the stress-induced martensite-reorientation in the Μ phase. The other is the dislocation activity in both A and Μ phases. 2) For a given-shaped indenter, all the unloading curves of A and Μ phases are almost parallel although the loading curves of A and Μ phases are different. It is inferred that indentation is not suitable for the measurement of the elastic modulus of A phase that undergoes a stress-induced martensitic transformation during indentation. 3) The nanohardness of A and Μ phases depends on the indentation depth and the indenter geometry. For a given-shaped indenter, the nanohardness increases in both A and Μ phases with decreasing indentation depth, and the nanohardness obtained in the A phase is higher than that in the Μ phase. For the same indentation depth, the nanohardness obtained by the cube corner tip in A and Μ phases is higher than that by the Berkovich tip.
